Nishiyasu T. Effect of initial core temperature on hyperthermic hyperventilation during prolonged submaximal exercise in the heat. Am J Physiol Regul Integr Comp Physiol 302: R94 -R102, 2012. First published September 28, 2011 doi:10.1152/ajpregu.00048.2011.-We investigated whether a core temperature threshold for hyperthermic hyperventilation is seen during prolonged submaximal exercise in the heat when core temperature before the exercise is reduced and whether the evoked hyperventilatory response is affected by altering the initial core temperature. Ten male subjects performed three exercise trials at 50% of peak oxygen uptake in the heat (37°C and 50% relative humidity) after altering their initial esophageal temperature (Tes). Initial Tes was manipulated by immersion for 25 min in water at 18°C (Precooling), 35°C (Control), or 40°C (Preheating). Tes after the water immersion was significantly higher in the Preheating trial (37.5 Ϯ 0.3°C) and lower in the Precooling trial (36.1 Ϯ 0.3°C) than in the Control trial (36.9 Ϯ 0.3°C). In the Precooling trial, minute ventilation (V E) showed little change until Tes reached 37.1 Ϯ 0.4°C. Above this core temperature threshold, V E increased linearly in proportion to increasing Tes. In the Control trial, V E increased as Tes increased from 37.0°C to 38.6°C after the onset of exercise. In the Preheating trial, V E increased from the initially elevated levels of Tes (from 37.6 to 38.6°C) and V E. The sensitivity of V E to increasing Tes above the threshold for hyperventilation (the slope of the Tes-V E relation) did not significantly vary across trials (Precooling trial ϭ 10.6 Ϯ 5.9, Control trial ϭ 8.7 Ϯ 5.1, and Preheating trial ϭ 9.2 Ϯ 6.9 L·min Ϫ1 ·°C Ϫ1 ). These results suggest that during prolonged submaximal exercise at a constant workload in humans, there is a clear core temperature threshold for hyperthermic hyperventilation and that the evoked hyperventilatory response is unaffected by altering initial core temperature.
hyperpnea; hyperthermia; thermoregulation; precooling; preheating WHEN HUMANS ARE EXPOSED TO a hot environment, heat dissipation through cutaneous vasodilation and sweating increases in response to rising body core and skin temperatures. In addition to these thermoregulatory responses, Haldane found in 1905 that an increase in ventilation is also induced by a rise in body core temperature (13) . Since that early report, many studies have confirmed the existence of hyperthermia-induced hyperventilation (5, 9 -11, 16, 26, 32, 38, 43) although its characteristic and significance remain unclear.
When ventilation is expressed as a function of core temperature in passively-heated humans at rest, there is no significant change until core temperature reaches a temperature threshold for hyperventilation, ϳ37.8 -38.5°C. Above this threshold, ventilation increases linearly in proportion to increasing core temperature with minimal change in oxygen consumption (5, 10) . As in resting subjects, metabolic factors contribute minimally to ventilation during prolonged submaximal exercise at a constant workload in the heat (16) ; under those conditions core temperature rises steadily, whereas minute ventilation (V E) also increases gradually with time (10, 16, 32) . We (10, 16) and others (32) have shown that when V E is plotted against core temperature, it increases linearly as core temperature rises from 37.0°C to 40.0°C during exercise at a constant workload, i.e., there is no critical threshold for hyperventilation. In our earlier studies, however, we were unable to estimate the relationship between core temperature and V E below 37°C because by the time V E reached a steady state, after ϳ5 min of exercise, core temperature had already reached 37°C (10, 16) . On the other hand, a core temperature threshold for hyperventilation has been shown to exist during incremental exercise (37, 43) . In addition, animal studies suggest there is a core temperature threshold for the increase in respiratory evaporative heat loss (an index of ventilation) during exercise both at a constant workload and rest, and the threshold during exercise is lower than at rest (7, 28, 29) . This suggests that if the initial resting core temperature were to be lowered by cooling, a core temperature threshold for hyperventilation like that seen in animals (7, 28) and during incremental exercise in humans (37, 43) might be detected around 37°C during exercise at a constant workload in humans.
Our laboratory previously showed that when V E is plotted against core temperature, ventilatory sensitivity to rising core temperature (the slope of the core temperature-V E relation) during prolonged submaximal exercise is not affected by differences in skin temperature or the rate of increase in core temperature (16) . We also found that hypohydration does not affect ventilatory sensitivity to rising core temperature during prolonged exercise, although it attenuates the cutaneous vasodilatory response (10) . These findings suggest that the characteristics of hyperthermic hyperventilation differ from those of thermoregulatory responses such as sweating and cutaneous vasodilation. It may be that core temperature and V E are strongly related and that the extent of hyperthermia-induced hyperventilation is largely determined by the absolute core temperature. In that case, when initial resting core temperature is elevated by heating, the V E plotted against core temperature may increase from the initially elevated levels of esophageal temperature (T es ) and V E during subsequent prolonged exercise, while ventilatory sensitivity remains unchanged from the normothermic condition, although cutaneous vasodilatory response to increasing core temperature is reportedly influenced by preheating (12) .
The purposes of the present study, therefore, were to test the hypotheses that when core temperature before exercise is lowered, the threshold for hyperventilation is ϳ37°C during subsequent exercise, and that hyperventilatory sensitivity to increasing core temperature remains unchanged, regardless of the initial core temperature.
MATERIALS AND METHODS

Subjects.
Ten healthy male volunteers participated in the present study. They had a mean Ϯ SD age of 24 Ϯ 3 yr, height of 172 Ϯ 4 cm, weight of 67 Ϯ 7 kg, and peak O 2 uptake (V O2peak) of 48.8 Ϯ 6.5 ml·kg Ϫ1 ·min Ϫ1 . This study was approved by the Human Subjects Committee of the University of Tsukuba, and all participants provided written informed consent. The subjects were nonsmokers, and none was taking any medication. Before the experiment, subjects were asked to practice on the cycle ergometer until they were accustomed to its style.
V O2peak test. V O2peak was determined by using an incremental cycling exercise to volitional fatigue (model 818E; Monark, Varberg, Sweden; customized for semirecumbent cycling), as described previously (10) . The V O2peak test was performed in an environmental chamber (Fujiika, Chiba, Japan) maintained at 25°C and 50% relative humidity. Subjects first performed a light warm-up (30 W, 60 rpm) for 3 min, which was followed 1 min later by an incremental cycling exercise. The exercise was started at 60 W, and the load was subsequently increased by 15 W every 1 min throughout the exercise. Subjects pedaled at 60 rpm, and volitional fatigue was defined as an inability to pedal at more than 50 rpm. Expired gas was analyzed using a metabolic cart (model RM300i; Minato Medical Science, Osaka, Japan) as described previously (10) . The flow sensor was calibrated using an appurtenant calibration syringe able to blow a fixed volume (2 liters) of air. The O 2 and CO2 sensors were calibrated with reference gases of known concentration. V E, O2 uptake (V O2), and CO2 output (V CO2) were calculated at 60-s intervals. We defined V O2peak as the highest value of V O2 achieved by the subjects.
Experimental design. Subjects performed three bouts of exercise in the heat after altering initial core temperature. Resting core temperatures were manipulated by immersion for 25 min in water at 18°C [Precooling trial (Cool group)], 35°C [Control trial (Control group)] and 40°C [Preheating trial (Hot group)]. The trials were conducted in random order and were separated by at least 3 days. Subjects were asked to abstain from strenuous exercise, alcohol, and caffeine for 24 h before the experimental testing. To standardize the hydration status, the subjects were asked to drink 500 ml of water the night before the experiment. In addition, they consumed only a light breakfast and 500 ml of water 2 h before the experiment.
The subjects came to the laboratory at 8:30 AM and rested for 30 min in a thermoneutral room (ambient temperature ϭ 25°C, relative humidity ϭ 50%). During this time, a thermocouple for measuring T es was inserted through the nasal passage to a distance equivalent to one-fourth of the subject's height. The location of the probe in the esophagus was estimated to be posterior to the lower border of the left atrium (40) . The subjects then voided urine and body weight was recorded, after which they moved to the environmental chamber (ambient temperature ϭ 37°C, relative humidity ϭ 50%, wind speed Ͻ 0.2 m/s), where they sat in a semirecumbent position in the chair of the cycle ergometer and rested for 30 min. During this time, a heart rate (HR) monitor, copper-constantan thermocouples for measuring skin temperature, a cuff (on the upper right arm), and electrodes for measuring arterial blood pressure, and a mask for measuring respiratory gas were attached. Resting measurements were then collected while the subjects sat for another 5 min. Thereafter, the cuff and mask were removed, and the subjects moved into a water-filled tank situated next to the ergometer in the environmental chamber, and remained there for 25 min while immersed to the level of the axillae. This water immersion method was a modification of that described by Gonzalez-Alonso et al. (12) . After the immersion, the subjects toweled dry, voided urine, and sat in the chair of the ergometer. The cuff and mask for measuring blood pressure and expired gas were then reattached, and resting parameters were recorded for 1-2 min. The subjects then performed the cycle exercise at 50% of V O2peak. The transition period from the time the subjects finished the immersion to the start of the exercise was 6.5 Ϯ 1.0 min. The exercise continued until T es reached 39.0°C or the subject could no longer pedal at 60 rpm, at which time the trial was terminated.
Measurements. T es and skin temperatures were measured by using copper-constantan thermocouples, recorded on a computer (ThinkPad A21p; IBM, Tokyo, Japan) at 1-s intervals via a data logger system (model WE7000; Yokogawa, Tokyo, Japan) and averaged over 30 s. Mean skin temperature (T sk) was calculated using the seven skin temperatures weighted to the following regional proportions: 7% forehead, 14% forearm, 5% hand, 7% foot, 13% lower leg, 19% thigh, and 35% chest (14) . Mean body temperature (T b) was calculated using the following ratio (2): (0.87 ϫ T es) ϩ (0.13 ϫ T sk). HR was recorded every 5 s by using a heart rate monitor (Vantage NV, Polar, Finland) and averaged over 30 s. Blood pressure in the right brachial artery was measured every 1 min using an automated sphygmomanometer (model STBP-780; Nippon Colin, Komaki City, Japan). Mean arterial pressure (MAP) was calculated as the diastolic pressure plus one-third of the pulse pressure. Expired gas was measured using the same analyzers used in the V O2peak test (see above), and V E, tidal volume (V T), respiratory frequency (f), V O2, V CO2, end-tidal CO2 pressure (PETCO 2 ), and respiratory exchange ratio were recorded breath-bybreath. Ratings of perceived exertion (RPE) was measured every 5 min using Borg's scale.
Data analysis. To estimate the relationship between core temperature and ventilatory responses (V E, V E/V O2, V E/V CO2, VT, f, and PETCO 2 ), we plotted the ventilatory parameters as a function of Tes and conducted linear regression analyses. We only used data collected after the first 5 min of the exercise for the regression analysis because it takes 3-5 min for V E to reach a steady state after a dramatic increase at the start of the exercise. With these data, we used a computer algorithm to determine thresholds for the increase or decrease in the respective ventilatory parameters as the inflection point where two calculated regression lines crossed, as previously described (10, 16) . To calculate the two best-fit regression lines, we chose the two regression lines with the smallest residual sums of squares. Because breath-by-breath data were too scattered to allow detection of a threshold, 30-s averaged data was used. The sensitivities of V E, V E/V O2, V E/V CO2, VT, f, and PETCO 2 to increasing Tes were determined by calculating the slope of the regression lines. In addition, the intercepts of the regression lines were calculated to estimate the ventilatory responses to increasing Tes more strictly. The relationship between V E and T b was also evaluated using the same linear regression analysis.
Statistical analysis. V E, VT, and f were selected as important outcome data for the comparison of means. Minimum sample size was calculated on the basis of 80% power and a significance level of 0.05. The minimum sample sizes were estimated to be 8, 8, and 7 for V E, VT, and f , respectively, using the means and standard deviations from our pilot experiments. Therefore, the smallest sample size used in this study (n ϭ 8) was adequate for our analysis.
Two-factor, repeated-measures ANOVA was used to analyze the time-dependent data; the factors used were immersion condition (levels: Cool, Control, and Hot) and time [levels: rest before the water immersion (R1), rest after the water immersion (R2), 5, 10, 15, 20, 25, 30, 35, and 40 min] . When the number of subjects was reduced (after 20 min), we used only the remaining subjects for the ANOVA. Data were collected for 55 min in the Cool trial, 40 min in the Control trial, and 25 min in the Hot trial. Beyond these times, the numbers of subjects remaining in the trials were too small for useful analysis. One-factor, repeated-measures ANOVA was used to compare the differences between Tes thresholds for V E, V E/V O2, and V E/V CO2, within the Cool trial, and the slopes of V E, V E/V O2, V E/V CO2, VT, f, and PETCO 2 among the three trials. After determination of the main effects, pairwise differences were identified using Bonferroni's mul-tiple comparisons test. All data are reported as means Ϯ SD. Values of P Ͻ 0.05 were considered significant.
RESULTS
Body temperatures. Baseline resting T es and T sk were similar among the subjects prior to all three trials (T es ϭ 36.8 Ϯ 0.3, 36.8 Ϯ 0.3, and 36.7 Ϯ 0.3°C; T sk ϭ 35.8 Ϯ 0.7, 36.2 Ϯ 0.3, and 36.3 Ϯ 0.3°C in the Cool, Control, and Hot trials, respectively). After water immersion, T es was significantly higher in the Hot trial (37.5 Ϯ 0.3°C) and lower in the Cool trial (36.1 Ϯ 0.3°C) than in the Control trial (36.9 Ϯ 0.3°C). During exercise in the Cool trial, T es gradually declined for the first 5 min of exercise (35.7 Ϯ 0.4°C), but then increased steadily. Similar steady increases were seen in the two other trials. Throughout the exercises, T es was significantly higher in the Hot trial than in the Cool or Control trial, and lower in the Cool than the Control trial (Fig. 1A) . T sk in the Hot trial was nearly unchanged during exercise, though it increased in the Cool and Control trials (Fig. 1B) . In the Cool trial, T sk was significantly lower than in the Hot and Control trials.
Ventilatory responses. V E was significantly higher in the Hot than the Cool or Control trial, while it was significantly lower in the Cool than the Control trial after 30 -40 min of exercise ( Fig. 2A) . V T decreased somewhat in all trials and was significantly lower in the Hot trial than in the Cool trial, and was higher in the Cool than the Control trial (Fig. 2B) . Conversely, f gradually increased during exercise and was higher in the Hot than the Cool or Control trial, and lower in the Cool than the Control trial (Fig. 2C ). PET CO 2 was significantly lower in the Hot than the Cool or Control trial (Fig. 3A) , and V O 2 did not significantly differ across trials (Fig. 3B ). V CO 2 was significantly higher in the Hot than the Cool or Control trial (Fig. 3C) . Respiratory exchange ratio was Ͻ 1.0 throughout the exercise and did not significantly differ across trials (Fig. 3D) . 2 . Ventilatory parameters plotted as functions of T es are shown in Fig. 4 . In the Cool trial, nine of the ten subjects showed a T es threshold for an increase in V E, and V E increased linearly with increases in T es above that threshold (Fig. 4A) . The average temperature at the threshold was 37.1 Ϯ 0.4°C. In the Control trial, V E increased as T es increased from 37.0°C to 38.6°C after the onset of exercise. In the Hot trial, V E increased from initially elevated T es and V E (T es increased from 37.6°C to 38.6°C). In addition, we also observed T es thresholds for increases in f, V E/V O 2 , and V E/ V CO 2 and for a decrease in PET CO 2 in the nine subjects (T es ϭ 37.0 Ϯ 0.7, 37.0 Ϯ 0.4, 37.0 Ϯ 0.5, and 37.1 Ϯ 0.4°C for f, V E/V O 2 , and V E/V CO 2 , and PET CO 2 , respectively). As for the one subject who did not show a T es threshold for increases in V E, we did observe a T es threshold for increases in V E/V CO 2 at 37.5°C in the Cool trial, but there was no T es threshold for increases in V E/V O 2 . Individual T es thresholds for increases in V E, V E/V O 2 , and V E/V CO 2 are shown in Table 1 . There were no differences between the T es thresholds for V E, V E/V O 2 , and V E/V CO 2 . Furthermore, to compare the ventilatory responses to increasing core temperature among the trials, we divided the T es range into subranges spanning the temperatures below and above the threshold for increased V E in the Cool trial. The slopes and intercepts of the regression lines relating T es and V E, V E/V O 2 , V E/V CO 2 , V T , f, and PET CO 2 are shown in Tables 2  and 3 . Above the threshold, the slopes and intercepts of the regression lines did not significantly differ across trials.
Core temperature-dependent changes in V E, V E/V O 2 , V E/ V CO 2 , V T , f, and PET CO
With respect to the relationship between T b and V E, a T b threshold for increases in V E was observed at 36.7 Ϯ 0.3°C (range, 36.4 -37.1°C) in nine subjects in the Cool trial, and the slopes and intercepts of the regression lines relating T b and V E above the threshold did not significantly differ across trials (slope: 9.9 Ϯ 5.2, 8.1 Ϯ 4.2, and 9.9 Ϯ 7.5 l·min Ϫ1°CϪ1 ; intercept: Ϫ309.7 Ϯ 191.9, Ϫ246.5 Ϯ and Ϫ315.2 Ϯ l·min Ϫ1 for the Cool, Control, and Hot trials, respectively).
HR and MAP. During exercise, HR gradually increased in all trials (Fig. 5A ), but was significantly higher in the Hot than the Cool or Control trial, and lower in the Cool than the Control trial. After 5 min of exercise, MAP was similar in the Hot and Control trials, although MAP in the Cool trial was significantly higher than in the Hot or Control trial from 5 min to 15 min during the exercise (Fig. 5B) .
RPE. RPE increased continuously from 5 min (12.3 Ϯ 0.9, 12.0 Ϯ 1.3, and 13.2 Ϯ 1.6 for Cool, Control, and Hot trials, respectively) to 55 min during exercise in the Cool trial, to 40 min in the Control trial, and to 25 min in the Hot trial (16.1 Ϯ 2.0, 15.6 Ϯ 1.6, and 15.0 Ϯ 1.2 for the Cool, Control, and Hot trials, respectively). RPE was significantly higher in the Hot than the Cool or Control trial from 10 min to 25 min during exercise, and lower in the Cool than the Control trial from 30 min to 40 min during the exercise (Fig. 5C) .
Body weight. Body weights prior to the trials were nearly identical (67.6 Ϯ 6.8, 67.1 Ϯ 6.6, and 67.3 Ϯ 6.9 kg for the Cool, Control, and Hot trials, respectively). Body weight losses over the course of the water immersion and exercise were significantly greater in the Cool than the Control trial (2.3 Ϯ 0.7, 1.9 Ϯ 0.6, and 2.1 Ϯ 0.8% body wt loss in the Cool, Control, and Hot trials, respectively). 
DISCUSSION
The main findings of the present study are that: 1) during prolonged submaximal exercise at a constant workload in humans, there is a core temperature threshold for hyperthermic hyperventilation at ϳ37°C; 2) this threshold and the increases in V E seen with increases in core temperature above it are attributable to an increase in respiratory frequency; and 3) the hyperventilatory sensitivity to increasing core temperature is not affected by altering the initial core temperature. These findings suggest that the gradual rise in core temperature observed in humans during prolonged submaximal exercise in the heat provokes hyperventilation by stimulating the respiratory center to increase frequency. They also suggest that core temperature and ventilation are strongly related, and that the degree of the core temperature-induced hyperventilation likely reflects the absolute core temperature, regardless of the initial core temperature before the exercise or changes in skin temperature during the exercise.
Core temperature threshold for hyperthermic hyperventilation during prolonged submaximal exercise. When V E was expressed as a function of T es in the Cool trial, we observed a T es threshold for hyperventilation above which V E increased linearly in proportion to increasing T es (Fig. 4A) . This study is, to our knowledge, the first to clearly show that humans have a core temperature threshold for hyperventilation during prolonged submaximal exercise. Thresholds for hyperventilation have also been reported for subjects at rest (5, 10, 38) and during incremental exercise (3, 37, 42, 43) . Together with these earlier observations, our present results suggest that core temperature thresholds for hyperventilation exist independently of whether one is at rest, doing incremental exercise, or doing submaximal exercise at a constant workload. Our laboratory previously reported that, during prolonged submaximal exercise at a constant workload in the heat, V E increased linearly without a threshold as T es increased from 37°C to 39°C after the onset of exercise (9, 10, 16) . In those earlier studies, as well as in the present one, we only used data obtained after the first 5 min of exercise to estimate the relationship between T es and V E. This is because it takes about 5 min for V E to reach a steady state. In the present study, T es after 5 min of exercise in the Control trial was similar to the T es threshold for an increase in V E. It is therefore likely that we did not detect this threshold earlier (9, 10, 16) because the data for T es below the threshold was inadequate. By contrast, when Petersen and VejbyChristensen (35) examined the effect of elevated core temperature (rectal temperature) on the 3-min ventilatory response after 3-4 min of exercise at various constant workloads, they suggested core temperature thresholds for increases in V E/V O 2 and V E/V CO 2 to be ϳ38°C during exercise. They based this finding on the observation that when V E/V O 2 and V E/V CO 2 at each workload for each subject were plotted against core temperature, the values were significantly higher at core temperatures of 38.4 -38.7°C than at 36.5-37.5°C. In their study; however, the functions relating V E/V O 2 and V E/V CO 2 to core temperature included data collected at two body temperature levels (36.5-37.5°C and 38.4 -38.7°C), which may have diminished the precision of the estimated threshold. A core temperature threshold for hyperventilation is reportedly seen both during exercise at a constant workload and at rest in animals (7, 28, 29) . Clough and Jessen (7) showed that, in dogs the core (spinal) temperature threshold for an increase in respiratory evaporative heat loss during exercise is lower than at rest. Similarly, hypothalamic temperature thresholds for respiratory heat loss in goats are ϳ1.2°C lower during exercise than at rest (28) . These observations in animals are consistent with the present findings in humans, and we suggest that a core temperature threshold for hyperventilation exists in both humans and animals exercising at constant workload or doing an incremental exercise. Moreover, the threshold in the present study (T es , 37.1°C) was lower than that observed at rest (T es ϭ 37.8 -38.5°C) by Cabanac and White (5) and Fujii et al. (10) .
It is therefore likely that the core temperature threshold for hyperventilation shifts to lower temperatures during prolonged submaximal exercise, which is consistent with the results from animals.
In addition to the T es threshold for increases in V E, we also observed a nearly identical T es threshold for increases in f (Figs. 4, A and C) , whereas V T decreased steadily in response to increasing T es without an inflection point (Fig. 4B) . These results suggest that the core temperature threshold for hyperventilation during exercise at a constant workload reflects the threshold at which f begins to increase, which is consistent with the findings of an earlier study in which incremental exercise is employed (37); and our result suggests that the increased V E above the threshold for hyperventilation is mainly caused by an increase in f. The core temperature-induced changes in f above the threshold are consistent with the patterns of hyperventilation seen during exercise at a constant workload by Martin et al. (27) , Hayashi et al. (16) , and Fujii et al. (9, 10) , or during incremental exercise by Sancheti and White (37) . Moreover, given that the rise in core temperature during passive heating at rest can cause hyperventilation due to increased V T (5, 38) or both V T and f (10), it is likely that the effect of core temperature on the respiratory pattern leading to the increase in V E during prolonged submaximal exercise differs from that at rest.
Several factors may contribute to the mechanism underlying the core temperature threshold for hyperventilation during prolonged exercise in the heat. First, the increase in V E due to increasing f might be attributable in part to the effect of increasing the temperature of the medulla oblongata, which is where respiratory center resides (6, 39). Tryba and Ramirez (39) reported that in mice gradual heating of the ventral respiratory group in the medulla oblongata increased the activity of respiratory pacemaker neurons at resting body temperature, and they suggested this response may be responsible for the higher respiratory frequency seen with hyperthermia. Second, it is possible that afferent input from groups III and IV in the active muscles are involved. The activity of group III and IV muscle afferents is enhanced by increases in muscle temperature (19, 24) and might affect the respiratory response (21) . Third, it could be that efferent output from the cerebral cortex (central command) during exercise in the heat is responsible for the hyperventilation. In the present study, a T es threshold for an increase in RPE was observed in the Cool trial (average, 37.2 Ϯ 0.6°C). It has been suggested that during exercise in the heat, central fatigue can occur with progressive hyperthermia, which can reduce arousal and the brain's ability to maintain exercise (30, 31) . Given that RPE reflects changes in brain activity during prolonged exercise in the heat (33), the increase in V E in this study could in part reflect an increase in central command (1) . These thermal and nonthermal factors may operate together during prolonged exercise with progressive hyperthermia and lead to hyperventilation. Effect of differences in initial core temperature on the ventilatory response to increasing core temperature. In the present study, time-dependent changes in ventilatory responses (V E,V T , and f) during exercise were significantly affected by altering the initial core temperature (Fig. 2) . In the Cool trial, an initial decline in core temperature reduced V E mainly by reducing f (Fig. 2C) , as was previously reported by Hayashi et al. (17) and Leweke et al. (25) . Meanwhile, an elevated initial core temperature provoked an increase in V E during subsequent exercise in the Hot trial ( Fig. 2A) . This result differed from that reported by Petersen and Vejby-Christensen (35) who found no significant changes in 3-min V E measured at 3-4 min after the onset of exercise at various constant workloads under preheated and normothermic conditions; however, preheating did provoke an increase in f and a decrease in V T . While T es increased with time during exercise in the Hot trial of the present study, rectal temperatures measured by Petersen and Vejby-Christensen (35) was maintained unchanged at 38.5°C by adjusting the relative humidity and using a fan, which may explain why V E did not increase.
We found no significant differences in the slopes or intercepts of the regression lines relating T es and V E above the T es threshold for hyperventilation across trials (Tables 2 and 3) . No study has examined the effect of different initial core temperature on the ventilatory response with increasing core temperature. When V E was plotted against T es in the Cool trial, it remained constant until T es reached the threshold (nearly 37°C), above which V E increased linearly with increasing T es . In addition, we observed that in the Hot trial V E increased from its level at the initially elevated T es and V E, compared with the values in the Cool and Control trials (Fig. 4A) . Notably, ventilatory sensitivity to rising core temperature (slope of the T es -V E relation) during prolonged submaximal exercise was unaffected by changes in the initial core temperature. We also found that T sk varied significantly across trials in the present study (Fig. 1B) , which is consistent with our earlier finding that ventilatory sensitivity to rising core temperature was not significantly affected by changes in skin temperature (16) . Our results, therefore, suggest that during prolonged submaximal exercise at a constant workload, core temperature and ventilation are strongly related and that the extent of hyperthermic hyperventilation reflects the absolute core temperature, regardless of any change in the initial core temperature before exercise or skin temperature during exercise.
Limitations. One of the 10 subjects did not show a T es threshold for hyperventilation in the Cool trial. Although we assessed V E at T es ranging from 35.1°C to 38.8°C, we could not detect an inflection point in the relationship between T es and V E. The slope of the regression lines in this subject was Ϫ0.6 (l·min Ϫ1 ·°C Ϫ1 ), and V E did not increase despite increases in T es . This may mean that some subjects have no core temperature threshold for hyperventilation during exercise. Fujii et al. (10) similarly reported that some subjects had no threshold for hyperventilation in passively-induced hyperthermia and concluded that the subjects who did not show a threshold at rest have a threshold for hyperventilation above the range of T es estimated in that study (Ͼ39.0°C). In the present study, however, it is unlikely that the subject without a threshold during exercise in the Cool trial would have a core temperature threshold lower than 35.1°C or above 38.8°C. We think it is more likely that some subjects have no core temperature threshold for hyperventilation during exercise.
The slope of the T es -V E relation at temperatures above the T es threshold for hyperventilation did not differ between trials, although T sk differed significantly (by 3°C; T sk , ranging from 33°C to 36°C), as reported previously (16) . We therefore suggest that the effect of skin temperature on the slope of the T es -V E relation is negligible within the limited range of T sk ϭ 33-36°C. However, given that the distribution of cutaneous thermoreceptors over the skin surface is not completely known (18) , the weighting value used to calculate T sk in this study may not reflect the activity of cutaneous temperature-sensitive neurons over the entire body surface, i.e., the overall thermal input to ventilation from skin. It is thus possible that we overestimated the thermal input from skin, and that it actually did not differ between trials. As a result, we cannot conclude that the thermal input from skin has no effect on the slope of the T es -V E relation. Furthermore, we do not know whether a lower skin temperature (T sk , Ͻ33°C) would affect the relationship between T es and V E during exercise. Consequently, we cannot rule out the possibility that the reduction in skin temperature induced by the cold water immersion is related to the fact that a T es threshold for hyperventilation was seen only in the Cool trial. Additional research is needed to examine the effect of a wider range of skin temperatures on the relationship between core temperature and ventilation during exercise at a constant workload.
An earlier study reported that vastus lateralis (active muscle) temperature during exercise at a constant workload in the heat was lower after cold water immersion than after thermoneutral water immersion (4) . It is therefore plausible that the active muscle temperature during exercise differed depending on the water temperature during immersion in the present study. Moreover, muscle temperature during exercise reportedly varies from site to site (23) . Given that an elevation in muscle temperature might increase ventilation, as discussed above, the differences in muscle temperature between trials could have affected our results for the relationship between core temperature and V E. Additional research will be needed to confirm the effects of muscle temperature on the ventilatory response during exercise.
Perspectives and Significance
The physiological significance of hyperthermic hyperventilation in humans remains controversial (8, 44) . For example, White and colleague (41, 44) proposed that human hyperthermic hyperventilation has a role for thermoregulation, i.e., it contributes to selective brain cooling. At variance with this notion is the findings that hyperthermic hyperventilation in humans usually leads to hypocapnia and reduced cerebral blood flow (10, 15, 36) , which in turn induces a reduction in heat exchange in the brain and thus increases in brain temperature (34) . In the present study, humans exhibited a core temperature threshold for hyperventilation during submaximal exercise in the heat that was similar to well-known thermoregulatory responses such as sweating and skin vasodilation in humans (20, 22) , as well as the ventilatory response in panting animals (7, 28) , which supports the notion of White (41) . Further studies comparing the characteristics of core temperature thresholds between human hyperthermic hyperventilation and the aforementioned well-known thermoregulatory responses in humans and animals may provide a better understanding of the physiological significance of human hyperthermic hyperventilation.
